Within our recent thermodynamic model of gravity the dark energy is identified with the energy of collective gravitational interactions of all particles in the universe, which is missing in the standard treatments. For a simple model universe composed of neutral and charged particles of identical mass we estimate the radiation, baryon and dark energy densities and obtain the values which are very close to the current cosmological observations. PACS numbers: 04.50. Kd, 06.20.Jr Keywords: Thermodynamic gravity, dark energy, cosmological parameters
The notions from thermodynamics and statistical physics turned out to be very useful in the field theory context. For instance, thermodynamic arguments have been used in black hole physics [1] [2] [3] , discovery of Unruh temperature [4] , establishment of the AdS/CFT correspondence [5] , derivation of the Einstein [6] and Maxwell [7] equations, and in the recent attempt to interpret the Newtonian gravity as an entropic force [8] , and other discussions of the "emergent gravity" [9] [10] [11] . Besides, the analogies with the classical statistical mechanics and thermodynamics have been underlying some recent discussions of the foundations of quantum mechanics [12] [13] [14] [15] . However, these relationships are mere analogies so far, since in the context of field theory the physical origin of the microscopic degrees of freedom responsible for the thermodynamic quantities is not yet clear.
As an attempt to address this main question a thermodynamic model of gravity was proposed [16] [17] [18] [19] in which the universe is considered as the statistical ensemble of all gravitationally interacting particles inside the horizon. According to the model there are no gravitating systems isolated from the world ensemble (which is also quite in the spirit of quantum mechanics) and a more appropriate way to describe gravity is in terms of changes of the local thermodynamic properties in the world ensemble, like temperature or entropy, rather than in terms of the space-time geometry, which we derived as an emerging effective description. It was demonstrated that the model can be compatible with the existing field-theoretical descriptions, as the relativistic and quantum properties are emerging from the properties of the world ensemble. Moreover, the model also allows us to explain the hierarchy problem in particle physics by the fact that our underlying assumption that any gravitational interaction of two particles involves interactions with all particles of the world ensemble effectively weakens the observed strength of gravity by the factor proportional to the number of particles in the ensemble.
In this paper we show that estimations based on the thermodynamic model of gravity also lead to the realistic values of the cosmological parameters of the universe.
In our thermodynamic model [16] [17] [18] [19] the fundamental constants are collective characteristics of the world ensemble. For instance, the universal constant of the speed of light is connected with the collective gravitational potential of all particles in the universe, Φ, acting on each member of the ensemble:
where G is the Newton's constant and M and R are the total mass and the radius of the universe, respectively. This 'universal' potential Φ, and thus c, can be regarded as constants, since, according to the cosmological principle, the universe is isotropic and homogeneous at the scale R. The radius of the universe can be defined using the Hubble constant H:
and from (1), as usual, the total mass of the universe is found:
Let us emphasize that (1) is equivalent to the critical density condition in relativistic cosmology:
The assumption (1) allows us to relate the rest energy of a particle of mass m to its interactions with the whole universe, namely,
which is equivalent to
The latter equality represents the simplest thermodynamic energy balance equation within the model [16] [17] [18] [19] . The energy balance conditions mean that the total energy of any object in the universe vanishes, with the gravitational energy of the interaction of any object with the universe assumed to be negative, while all other forms of energy are positive [20] . Hence, the total energy of the whole universe vanishes, and thus the universe can emerge without violation of the energy conservation. This is the point of view which appears to be preferable in cosmology [20, 21] . Let us consider the simplest case of the universe as the ensemble of N identical particles of mass m. Since each particle interacts with all other (N − 1) particles, and the mean separation of the interacting pairs is R/2, the total energy of the ensemble consists of N(N − 1)/2 terms of magnitude ≈ 2Gm 2 /R. Then the energy of a single particle interacting with the total gravitational potential of the universe Φ is given by:
Therefore, the gravitational mass of the universe is a quadratic function of the number of particles:
It is natural to identify the gravitational energy of collective interactions of all particles with the dark energy of the universe, which, according to the standard ΛCDM model, is identified with the cosmological constant Λ. Thus, we assume:
Note that under the above identification the energy balance condition (6) written for all N particles in the universe is equivalent to the w = −1 equation of state of the dark energy:
where ρ is the dark energy density. In our model the appearance of the "exotic negative pressure p" has a natural explanation as the consequence of the negative collective gravitational potential Φ of the whole universe. Besides, the assumption (9) also naturally answers the question why the density of dark energy is so close to the critical density (4). The standard cosmology offers no reasonable explanation of this observational fact and the attempt to relate Λ to the quantum vacuum fluctuations leads to the value which is 120 orders of magnitude higher than ρ c . Another universal physical constant is the Planck's action quantum. In our model [16] [17] [18] [19] it is identified with the characteristic amount of action of a single member of the world ensemble:
were λ is a characteristic length of a particle when it can be considered as an oscillator, i.e. its Compton wavelength. The maximal possible length scale of the world ensemble, or the radius of the model universe, is given by R = λN .
Accordingly, using (8), (9), (11) and (12) we find the total action of the universe:
and the number of typical particles in it:
This number is one of the main parameters of our model and it is known to have appeared in a different context in the Dirac's 'large numbers' hypothesis [22] , and is usually considered as a manifestation of a deep connection between the physics at the subatomic and cosmological scales.
Using the estimation (14) and the formulae (1), (8), (11) and (12), from (9) we can express the value of the dark energy density in our model universe in terms of the fundamental physical parameters:
which is very close to the observed value Ω Λ ≈ 0.728 ± 0.015 [23] . Now, let us consider a little bit more realistic model universe which also includes both neutral and charged particles of the same mass m. The universe as a whole is neutral, i.e. a half of charged particles carries positive charge +e and the other half have negative charge −e. The number of charged particles can be roughly identified with the number of baryons in the universe N b < N. A simple combinatorics yields for the gravitational energy of single baryon which interacts with all other particles in the universe the following formula:
Therefore, according to (8) , the total gravitational energy of the baryon component of matter is given by:
It is natural to expect that the ratio (9) of the gravitational and total energy is valid also for the corresponding contributions of the baryon component:
where E b|tot denotes the total energy of the baryon component of the universe. Then for the baryon density in the universe we obtain the following estimation:
Further, let us estimate the total electromagnetic energy of all N b charged particles in the model universe (i.e. that of N b /2 interacting pairs). The fact that electric charges have two polarities, while the mass is always positive, leads to basic differences from the previous consideration for the electrically neutral matter. Namely, the universe as a whole is neutral and, in contrast to the gravitational energy, the total electromagnetic, or radiation energy of single baryon consists of N b /2 additive terms, i.e.
where α is the fine structure constant. Similar to (17) the total gravitational energy of the radiation component of matter is estimated to be
Using this formula and the observed value of the radiation energy density [23] :
we obtain the estimation of the number of baryons in the universe:
which turns out to be only one order of magnitude less than the estimated total number of particles in our model universe, see (14) . Finally, equations (17) , (18) , (19) and (21) yield for the ratio of the radiation and baryon densities in the universe:
From (1) and (11) we find: NGm
whence it follows:
which is also very close to the observable value Ω r /Ω b ≈ 1.09 ± 0.03 × 10 −3 [23] . To conclude, we have considered the energy content of the universe within our recent thermodynamic model of gravity [16] [17] [18] [19] . The energy of collective gravitational interactions of all particles in the universe is identified with the dark energy. When the existence of charged particles and their contribution to the total gravitational energy is taken into account, it allows us to express some cosmological parameters, namely, the radiation, baryon and dark energy densities of the universe, in terms of the fundamental constants, and to obtain the numerical values of them which are close to the observable ones.
